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(54) A self-compensated twisted nematic mode for reflective light valves 



(57) We invent a self-compensated twist nematic 
(SCTN) mode for reflective light valves with high optical 
efficiency nearly 100% and it has a saturation voltage 
below about 3 V and a relatively large tolerance in cell- 
gap non-uniformity compared to other prior arts. The 
invented SCTN mode is especially suitable for reflective 
light valves driven by active matrices fabricated on Si- 
wafers. 
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Description 

FIELD OF THE INVENTION 

The present invention relates to a sell-compen- 
sated twisted nematic liquid crystal (LC) cell for reflec- 
tive light valves, and more particularly relates to a field- 
control nematic LC reflective display disposed behind a 
polarized beam splrtter for projection displays. 

BACKGROUND 

Up to now, nematic LC devices being used in reflec- 
tive light valves for projection displays require either a 
linearly-polarised or randomly-polarized incident light 
beam. The nvention concerns only with the case where 
the incident bght is linearly polarized. The commonly 
us d LC modes which require incident light being line- 
arly polarized for reflective light valves are electro-con- 
trol birefringence (ECB) mode 1 , with tilted 
homogeneous alignment, the deformation of aligned 
phase (DAP) 1 , the hybrrf-fiekJ-effect (HFE) mode 2 , the 
63.6°-twtst mode 3 , hybrd-aligned nanrrtic (HAN) 4 mode, 
and the mixed TN (MTN) mode 5 . The operating princi- 
ples of these LC modes tor reflective light valves are 
illustrated in Fig l An modent light beam 6 after pass- 
ing through a poianzng beam splitter (PBS) 7 becomes 
a linearly-polarized bght 8. define as p-wave. and 
impinges on a nematic LC cell 100 which contains a 
front substrate t. a rear substrate 2, a nematic LC 
medium 5 in between, and two LC alignment directions 
3 and 4 on the substrates 1 and 2, respectively. There 
are two electrodes (not shown in Fig. 1), one being a 
transparent electrode behind the front substrate 1 lacing 
the LC medium 5. and the other being a reflective metal 
electrode (not shown n Fig. 1) in front of the rear sub- 
strate facing the LC medum. The nematic LC cell 100 
shown in Fig. 1 (b) ts designed in such a way that at or 
below a certain voltage defned as the threshold voltage 
applied to the two electrodes of the LC cell 1 00, the inci- 
dent polarized beam 8 will become the s-wave 9 (or 
nearly s-wave) upon reflection from the LC cell 100. The 
s-wave is a linearly polarized light whose direction of 
polarization being perpendicular to that of the p-wave. 
The s-wave 9 will be reflected 90° by the PBS 7 into the 
s-wave 10 to be collected by projection lenses (not 
shown in Fig. 1) onto a screen for viewing. This situation 
represents the bright state of the light valve. When an 
external voltage is appfeed across the two electrodes of 
the LC cell 100 such that at or above a certain voltage 
defined as the saturation voltage, the LC cell 100 will 
behave nearly as an optically isotropic medium. In this 
situation, the impinging linearly polarized light 8 will be 
reflected from the reflective LC cell 100 preserving the 
same direction of polarization, p-wave in this case. The 
reflected p-wave after passing through the PBS 7, will 
propagate backward opposite to the incident beam 6. 
The reflected p-wave has a negligible intensity being 
reflected 90° by the PBS 7 into the s-wave 10. repre- 



senting the dark state of the light valve. When the 
applied voltage level is in between tfTe threshold voltage 
and the saturation voltage, inter-mediate grey level will 
be activated to achieve display with many grey levels up 
5 to 1024 levels. 

The prior art of nematic LC modes for reflective light 
valves which require the incident light being linearly 
polarized are shown schematically in Fig. 2, which con- 
sists mainly of a front substrate 21 , a rear substrate 22, 
10 a nematic LC medium 25, an LC director 23 adjacent to 
the front substrate 21 , and a LC director 24 adjacent to 
the rear substrate 22. A x,y,z coordinate system is also 
shown in Fig. 2 to correlate with the x,y,z coordinate 
system shown in Fig. 1. There are two parameters, 0| 
is and <|> 1 to describe the orientation of the LC director 23. 
The a 1 is the tilted angle of the LC director 23 from the 
plane of the front substrate 21 , and fa is the azimuthal 
angle of the LC director 23 projected onto the front sub- 
strate 21 with respect to the x-axis. There are also two 
20 parameters, a% and to describe the orientation of the 
LC cfirector 24. The 02 is the tilted angle of the LC direc- 
tor 24 from the plane of the rear substrate 22, and is 
the azimuthal angle of the LC director 24 projected onto 
the rear substrate 22 with respect to the x-axis. By 
25 choosing a nematic mixture with either a positive or a 
negative dielectric anisotropy and a set of parameters 
for a-i . fa , and ^ we can describe or define the six 
combinations of the prior art The results are summa- 
rized in Table I for comparison. 
30 When properly optimized for nearly monochromatic 
incident fight in principle, the ECB mode, the HAN 
mode, and the 63.6°-twist mode have the same high 
optical efficiency of nearly 100 % if anti-reflection films 
are coated on the window of the light valves. Here, we 
35 define optical efficiency as the conversion of the inci- 
dent p-wave into reflected s-wave neglecting the loss 
due to indium-tin-oxide and the metal electrodes and 
the LC alignment layers in the light valves. However, all 
of the combinations of Table I except the ECB mode 
40 with tilted homogeneous alignment require rather high 
operating voltage, usually larger than 6 V. While the 
ECB mode with tilted homogeneous alignment can be 
operated at a lower voltage, it requires a stringent cell- 
gap uniformity. The MTN mode has a saturation voltage 
45 of about 4 V and a lower optical efficiency of 0.88 com- 
pared to other combinations for reflective light valves. 
Table II summarizes the comparisons among the combi- 
nations of Table I in terms of the dAnA, the optical effi- 
ciency, the saturation voltage, and the tolerance in 
so (Ad/d), where d and Ad are the averaged cell gap and its 
deviation from d, respectively. 

There are three important criteria for selecting the 
most suitable LC mode for reflective light valves. The 
first criterion is high optical efficiency. The second crite- 
55 rion is to have a large tolerance in cell-gap non-uniform- 
rty so that high yield can be achieved in manufacture. 
The third criterion is to have a tow saturation voltage 
which is particularly important using active matrices on 
Si-wafer to drive the reflective light valves. The lower the 
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saturation vottage is, the higher the display resolution 
can be achieved for a fixed area of Si-wafer. Using a LC 
mode with lower saturation voltage will result in lower 
cost in manufacture and low-power consumption. By 
examining Table II, we can see that low saturation volt- 
age can be achieved using the ECB mode with tilted 
homogeneous alignment but its requirement on the cell- 
gap uniformity is too stringent. Trie MTN mode has a 
lower but not the lowest saturation voltage, and a large 
tolerance in cell-gap non-uniformity, but it has a poor 
optical efficiency of 0.88. 
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It is an object of the present invention to provide a 
technique which alleviates the above drawbacks. 

According to the present invention we provide a 
structure comprising a twisted nematic liquid crystal cell 
with a total twist angle from 50 to 75° and a dAn/X from 
0.4 to 0.8. and a means for providing an incident beam 
having a polarization direction which substantially 
bisects or which is substantially perpendicular to the 
bisector of said total twist angle. 

A broad aspect of the present invention is a self- 
compensated twisted nematic (SCTN) mode for reflec- 
tive light valves. The advantages of this new mode are 
nearly 100% achievable optical efficiency, a saturation 
voltage below about 3 V and a relatively large tolerance 
in cell-gap non-unrformity. The low saturation voltage is 
particularly useful for the actrve-matrix<Jiiven reflective 
light valves based on Si-wafers for high resolution and 
low cost 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows the operating principles using nematic 
liquid crystal cells for reflective light valves which 
require the incident light being linearly polarized. Fig. 1 
(b) shows the schematic drawing for the present inven- 
tion of self-compensated twisted nematic mode. 

Fig. 2 shows a schematic drawing for prior art 
nematic liquid crystal cells. 

Fig. 3 shows the calculated results of the optical 
efficiency as a function of d&Deltan/&lambda for the 
structure of the present invention. 

Fig. 4 shows the optical efficiency versus applied 
voltage in solid curve for the structure of the present 



invention. The dashed curve in Fig. 4 shows the corre- 
sponding result for a regular SO^twist mode belonging 
to one of the prior arts. 

Fig. 5 show the experimental results of the optical 
s efficiency versus applied voltage for the present inven- 
tion using 2LI3449-100 from E. Merck as the LC mix- 
ture. Trie circles, diamonds, and triangles are for the 
red, green, and blue incident lights, respectively. 

Fig. 6 schematically shows the preferred orientation 
10 of the incident beam polarization with respect to the 
alignment directions according to the present invention. 

DETAILED DESCRIPTION 

is The configuration of this invention concerning a 
self-compensated twist nematic (SCTN) mode is shown 
in Fig. 1 (b), where a twisted nematic cell 100 with twist 
angle from 60 to 65° is used. In this configuration, the 
polarization direction of the incident light 8 bisects the 

20 twist angle of the SCTN ceil. In other words, the angle 
between the polarization direction of the incident beam 
8 and the LC alignment direction 3 on the front substrate 
is about 30° which is approximately equal to the angle 
between the polarization direction of the incident beam 

25 8 and the LC alignment direction 4 on the rear sub- 
strate. For the rest of this description, we use a total 
twist angle of 60° for the SCTN cell 100 shown in Fig. 1 
(b) as an example. Using Jones matrix method, we can 
calculate the optical efficiency as a function of dAn/ X for 

30 the SCTN mode where d. An, and X are the cell gap, the 
birefringence of the LC medium, and the wavelength of 
the incident light, respectively. The result is shown in 
Fig. 3 where an optical efficiency of nearly 100 % is 
achieved at dAn/X =0.61 . We used this parameter for 

35 the simulation of the optical efficiency versus applied 
voltage for the configuration shown in Fig. 1 where a 
polarizing beam splitter is utilized, and the front window 
of the light valve is coated with ideal anti-reflection films. 
Fig. 6. schematically shows the polarization 36 of the 

40 incident beam 8 relative to the two LC alignment direc- 
tions 3 and 4. Angle 30 is from about 50° to about 70°. 
Angle 32 is about equal to angle 34 so that the polariza- 
tion 36 of the incident beam substantially bisects the 
angle 30. The simulated result is shown in the solid 

45 curve of Fig. 3 for the SCTN mode and the dashed 
curve shows the corresponding result for a regular 60°- 
twist case with incident polarization being either parallel 
or perpendicular to the entrance LC director of the 60°- 
twist cell. For the simulations, we used the material 

so parameters of MLC6012 from E. Merck. From Fig. 4, we 
see that the contrast ratio exceeds 270 to 1 at3Vfbrthe 
SCTN mode. For comparison, the contrast ratio of the 
regular 60°-twist mode is only about 50 to 1 at 4.5 V. In 
the SCTN mode, the reflection at 3 V is low because the 

55 polarization direction of the incident light bisects the 
angle formed between two boundary LC directors adja- 
cent to the front and the rear substrates so that mutual 
compensation occurs between these two boundary LC 
layers. In the regular 60° -twist case, the reflection at 3 V 
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is still high because such mutual -compensation effect 
does not occur between these two boundary LC layers. 

We have obtained experimental results using the 
SCTN mode of the present inventi n. We used 
ZLI3449-100 from E. Merck as the LC mixture. The 5 
measured optical efficiency versus applied voltage 
using the configuration shown in Fig. 1 fa red, green, 
and blue wavelengths are shown in Fig. 5 as circles, dia- 
monds, and triangles, respectively. For these measure- 
ments, we do not have anti-reflection coating on the 10 
window of the SCTN cell so that the maximum optical 
efficiency is only about 92%. The experimental results 
show that we can achieve high contrast ratio at an 
applied voltage of 3.6 V. For the regular 60°-twist mode, 
high contrast ratio can only be obtained at an applied 15 
voltage larger than 8 V. The saturation voltage of the 
SCTN mode can be lower than 3 V if LC mixtures with 
larger dielectric anisotropy and high charge retention 
such as MLC6012 were used. 

20 

Claims 

1. A structure comprising a twisted nematic liquid 
crystal cell with a total twist angle from 50 to 75° 
and a dAn/X. from 0.4 to 0.8, and a means for provkJ- 25 
ing an incident beam having a polarization direction 
which substantially bisects or which is substantially 
perpendicular to the bisector of said total twist 
angle. 

30 

2. A structure according to claim 1, wherein said 
twisted nematic LC cell has at least one transparent 
electrode and at most one reflective electrode. 

3. A structure according to claim 1 or 2, wherein said 35 
twisted nematic LC cell uses LC mixtures disposed 
between oppositely disposed substrates with posi- 
tive dielectric anisotropy and tilted homogeneous 
alignments with pretift angles less than about 25° 
from said oppositely disposed substrates. to 

4. A structure according to claim 3, wherein said LC 
mixtures contains a chiral agent so as to induce a 
twist angle less than about 80° for said LC cell. 

45 

5. A structure according to any preceding claim fur- 
ther including a means for applying a voltage to said 
nematic liquid crystal cell. 

6. A structure according to claims 2, 3, 4 and 5, so 
wherein reflective electrode is a metal electrode. 

7. A structure according to any preceding claim, 
wherein said nematic LC cell contains LC mixtures 
disposed between oppositely disposed substrates ss 
with negative dielectric anisotropy and tilted home- 
otropic alignments with pretitt angles greater than 
about 75° from said substrates. 



8. A structure according to claim 5, 6 and 7, wherein 
said LC mixtures contains a srrtall concentration of 
chiral agent so as to induce a twist angle less than 
about 80° for said LC cell when said voltage 
exceeds a threshold voltage and to induce almost a 
zero twist angle when said voltage is less than said 
threshold voltage. 
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(54) A self-compensated twisted nematic mode for reflective light valves 



(57) We invent a self-compensated twist nematic 
(SCTN) mode for reflective light valves with high optical 
efficiency and large tolerance in cell-gap non-uniformity. 

The structure comprises a twisted nematic liquid 
crystal cell with a total twist angle from 50 to 75° and a 

FIG. IB 



dAn/X from 0.4 to 0.8, and a means for providing an inci- 
dent beam (8) having a polarization direction which sub- 
stantially bisects or which is substantially perpendicular 
to the bisector of said total twist angle. 
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